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in a2 Pulsed Plasma Thruster )

Gregory G. Spanjers,* Jason S. Lotspeich, Keith A. McFall,t and Ronald A. Spores}

U.S. Air Force Research Laboratory, Edwards Air Force Base, California 93524-7190

Propellant inefficiency material in particulate form is characterized in a laboratory pulsed plasma
thruster (PPT) operating at 1 Hz with a 20-J discharge enerpy (20 W). Exhaust deposits are collected
and analyzed using a combination of a scanning electron microscope with energy dispersive x-ray analysis
and microscopic imaging. Teflon™ particnlates are observed with characteristic diameters ranging from
over 100 gm down to less than 1 gom. Estimates show that the particulate emission consumes 40 + 3%
of total propellant mass while contributing less than 1% to the total thrust. If PPT modifications can he
developed that eliminate this propellant loss mechanism, without affecting the PPT thrust, the potential

exists to increase PPT efficiency by a factor of 1.7.

Nomenclature

[ = discharge frequency

M = total propellant consumed in experimental run of N
discharges

propellent consumed per discharge

number of discharges in experiment

thruster power

thrust

= thrust efficiency

it

8 NvZS
"

I. Introduction

HE pulsed plasma thruster (PPT)' is an attractlVe propul-
sion option for small power-limited satellites. The PPT,
shown schematically in Fig. 1, operates at low power levels
(<100 W) by charging an energy-storage capacitor on a long
time scale (1 s}, and then discharging on a short time scale
(1) us) at high instantancous power. High reliability is
achieved through the use of a solid propellant (typically Tef-
lon®), which eliminates the complexity and dry mass associ-
ated with liquid or gaseous propellants. The only moving part
on the PPT is a spring that passively feeds the propellant into
the discharge chamber. The solid propellant is converted to
vapor and partially jonized by a surface discharge across the
propellant face. Acceleration is accomplished by a combination
of thermal and electromagnetic forces to create usable thrust,
The inherent engineering advantages of the PPT design have
enabled the thruster to complete several space missions over
the past 30 years with no failures.'>? Unfortunately, the excel-
lent engineering characteristics of the PPT are coupled with
poor performance characteristics. Flight-qualified designs*
have achieved thrust efficiencies (1 = T%/2fmP) below 8%. The
low thrust efficiency is attributable to both a low energy effi-
ciency and a fow propellant efficiency.*® Previous mea-
surements® have shown that neutral gas vapon?mv from the
propellant face long after the current discharge is a significant
factor in the low pmpellant efficiency.
In the present work a second mechanism, particulate emis-
sion, is identified as a significant contributor to the low pro-
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pellant efficiency. Broadband emission indicative of partice-
lates is observed emitting from a laboratory PPT long after the
current pulse. Microscope images of exhaust deposits collected
on witness plates shows particulates in agreement with the
emission measurements. Surface analysis of the witness plates
using a scanning electron microscope with energy dispersive
x-ray microanalysis (SEM/EDAX) supports the conclusion
that the particulates originate from the Teflon propellant, 8-
opposed to originating from the steel electrodes. The propel
lant mass expended in particulate form is estimated to be 40;
* 3% of the total mass ablated during the PPT discharge:
Based on estimates of the particulate velocity from the broad-;
band emission measurements, the particulate contribution 10*
the total PPT thrust is less than 1%. Therefore, PPT modif-’
cations that eliminate the particulate emission may signifi-:
cantly reduce the propellant consumption with minimal d&:
crease in thrust. In the optimal case, the PPT thrust efficiency’
could be increased by a factor of 1.7. For a Lincoln Exper-
mental Satellite (LES) 8/9 PPT* this would increase the thrust
efficiency from 7.9 to 13%. '
The present work is concerned primarily with sources of
propellant inefficiency in the PPT to better guide future.
thruster designs. No conclusions can be made concerning th.
potential for spacecraft contamination from the exhaust partic-
ulates. The PPT used in this work is an inappropriate design
for contamination studies because it lacks the housing around
the electrodes that a flight unit would certainly have. In ad-
dition, the vacuum facility used in the present work is inter
tionally small to optimize- optical diagnostic access, whereas.
cont::nination study requires a large chamber to minimize wall
interaction. A contamination study for the PPT was performcd:
using a fight- qlnllhed LES 8/9 PPT in a chamber 1ppmpnalt=
for this research.” No measurable deposition was observed in-
the backflow region of the thruster, indicating that contami--
nation is not a major concern for these devices. Although the*
PPT has been shown to not contaminate its own spacecraf
signiﬁc‘mtly, ﬂi;ht missions have been planned using the PFT
for prcmsxon positioning of multiple satellites fying in for-
mation.® In this situation, the PPT from one satellite will &
times be firing in the direction of a neighboring satellite, thus”
increasing the potential for significant contamination. Th
present work provides estimates of the particle flux and par
ticle size distributions to help mission planners in estimating
this contamination potential. P
The presence of Teflon particulates in a PPT exhaust was
first reported in a 1979 contamination study using the Mill-
pound PPT (150-J discharge energy).’” This work used SEM/
EDAX analysis to conclude that the particulates were com<
posed of the Teflon propelant material. Using the lower.
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Fig. 1 Schematic of a PPT.

energy LES B/9 class PPTs (20-] discharge energy), the pres-
ence of paruculates in the PPT exhaust was again reponed by
wo groups in 19967 The first group examined the particu-
ltes as a propellant loss mechanism with rough estimates of
the paruculate mass Joss during the initial transient phase when
the PPT is first energized. 51 The second group noted the pres-
aace of lhe panticulates in conjunction with PPT contamination
sudies.” The present work differs from the previous studies by

" I estimating the significance of the particulate mass as a pro-

pellant loss mechanism, 2) only collecting particulates after the
PPT has achieved steady-state operation, and 3) guantifying
the size distribution and spatial distribution that will aid in
assessing the contamination potential for nearby satellites.

II. Experimental Apparatus

The experiments are performed in Chamber 5 of the AFRL
Flectric Propulsion Laboratory.* The chamber is 1.2 m in di-
ameter and 1.8 m in lengih. Typical base pressures of 3 X
107 1orr are achieved using a rbomolecular pump (1400 1/5)
packed by a rotary mechanical pump (1420 1/m).

The experiments are performed on the exhaust from XPPT-
I {Experimental Pulsed Plasma Thruster #1).* The XPPT-1,
shown in Fig. 2, is similar to the LES 8/9 PPT"' electrically
and geometrically; however, diagnostic access has been max-
imized in the XPPT-1 design. Following are the major differ-
ences between the two designs.

1) The 30-deg thrust angle in the LES 8/9 has been elimi-
paied in XPPT-1.

2) The housing around the electrodes and in the LES 8/9
has been removed in the XPPT-] design.

3) XPPT-1 is energized using laboratory power supplies.

4) The outer surfaces of the electrodes are covered in the
LES 8/9 design.

3) Both electrodes in the XPPT-1 are “fabricated from 304
stainless steel compared ro the Mallory 1000 (thoriated tung-
sten) and 17-4 stainless steel used for the LES 8/9 cathode and
anode, respectively.

The thruster is designed so that a range of capacitances can

. be easily tested; however 20 pF was used for all of the present
! fests, approximately equal to the 17 uF used in the LES 8/9

PPT. Thus, a 1414-V charge is used in the XPPT-1 to simulate

" the 20-) energy storage of the LES 8/9 charged to 1528 V. The
* strip line (approximatety 50 nll), electrode dimensions (2.5 X

25 cm), electrode separation (2.5 cm), fuel-bar geometry (2.5
X 2.3 cm), and spark plugs are identical to those used in LES
8/9. The interface between the energy storage capacitor and
the strip line has been modified in XPPT-1 to allow for a Ro-
gowski coil (Jon Physics CM-1-L) that measures the discharge
current. This modification adds approximately 70 oH to the
circuit inductance.

Broadband light emission from the PPT discharge is digi-
tally recorded using a high-speed framing camera (Stanford

" Computer Optics 4 QUIK 03). The camera has a minimum 50-
; ns pate time and an image intensifier for recording low-light
~ signals. The charged coupled device (CCD) array within the
: camera is 610 X 488 pixels. For the imaging used in the pres-
! ent work this corresponds to a spatial resolution of approxi-

Capacitor

Cathode

Sparkplugs Propeitant

Fig. 2 Photograph of the XPPT-1 PPT with the major compo-
nents jdentified.

mately 150 um. The camera has only single-frame capabiiry,
and so images at different times and shutter speeds are re-
corded on different PPT discharges.

The witness plates used to collect exhaust samplcs are disks
of 6061-T6 aluminum, 12.7-mm diameter and 3.2-mm thick.
The aluminum substrate is chosen because ils composition is
well known, and its conductivity helps minimize sample charg-
ing during SEM/EDAX analysis. Surface analysis was con-
ducted wsing the facilities of the Jet Propulsion Laboratory
Measurement, Test and Engineering Support Division. The
principal materials expected in the EDAX analysis are from
the Teflon propellant (33% C, 66% [), 304 Stainless Siecl
electrodes (0.08% C, 69% Fe, 19% Cr, 9% Ni, <2% Mn, and
<1% Si), and the 6061-T6 atluminum sample disk (97.9% Al
1% Mg, 0.6% Si, 0.25% Cr, and 0.25% Cu).

ITII. Experimental Resulis

Experiments are performed using XPPT-1 configured with a
20-uF capacitor and charged 10 1414 V for a discharge energy
of 20 J. The thouster is operated at | Hz corresponding 1o an
average power Jevel of 20 W, Prior to the experiment the pro-
pellant bar had been discharged over 100,000 times so that a
slightly concave shape had been eroded into the front face.
During the 6000 dischirges of the experiment, the discharge-
averaged PPT propellant consumption rate was 24.9 pg/dis-
charge. Although a thrust stand was not used during the present
tests, previous measurements indicate that XPPT-1 in this con-
figuration praduces approximately 256 uN of thrust.” Perfor-
mance characteristics for XPPT-1 are detailed in Ref. 12.

The 11 witness plates are distributed in arrays oriented par-
allel and perpendicular to the PPT electrodes, as shown in Fig.
3. All witness plates are located 6 cm from the center of the
propellant face. Deposits on the witness plates are accomulated
over 1000 PPT discharges. Previous work has shown that when
initinlly energized, the PPT undergoes a transient phase during
which the propellant consumption rate increases as the pro-
pellant femperature rises.” Because this experiment is con-
cerned with understanding the steady-state performance of the
PPT, particulate collection during the fransient plase was to
be avoided. To accomplish this, the witness plates were ad-
hered to a lucite holder that was mounted on an optical trans-
lation stage. The holder and plates were placed near the side
of the chamber (45 cm from the PPT) and covered with a
polyethylene shield. The PPT was energized for the 5000 dis-
charges required 1o achieve a propellant consumption rale
within 5% of the sieady-state rate.' The PPT was then turned
off, the polyethylene shield removed, and the mount containing
the sample disks transtated into position in front of the PPT.
The PPT was re-energized within 60 s, which is insufficient
for significant propellant cooling 1o occur.” The removing of
the shield and translation of the witness plates was accom
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Fig. 3 Locations of the 11 witness plates. Each is positioned 6
cm from the center of the propellant face.

plished using linear—rotary actuators through the chamber
walls, without affecting the hase vacuum pressure.

Figure 4 shows representative images of the broadband
emission from the PPT exhaust. Figure 4a was recorded during
the discharge with a 10-ps shutter. The emission is suggestive
of a standing arc near the propellant face with streams of
ptasma accelerated in the thrust direction. The exhaust appears
distributed and devoid of particulates.” Reduction of the shutter
time te 50 ns also shows no evidence of particulates, although
the discharge becomes substantially more filamentary. Figure
4b was recorded 100 pus after the discharge with a 10 us shut-
ter and 14.4 times the light amplification of Fig. 4a. Numerous
localized emission sites are apparent. The absence of discharge
current at this time. coupled with previous interferometric
measurements of a high-density neutral vapor,” indicates that
the propellant face is continuing t6 vaporize. Figure 4c is re-
corded at the same experimental time as Fig. 4b (albeit on
different PPT discharges) but with a longer 100-ps shutier and
4.5 times the light amplification of Fig. 4a. Notc that the image
in Fig. 4c is shown with a reduced scale; however, the spatial
resolution is the same as in Figs. 4a and 4b. Large streaks are

. observed in Fig. 4c, emitted primarily from the electrodes. For

the characteristic streak length of 2 cm, a velocity of approx-
imately 200 m/s is inferred. The duration of the streak emis-
sion (~100 us) implies a heat capacity incompatible with a
single molecule or plasma motion, implying the higher mass
of particulates. The reproducibility of the emission shown in
Fig. 4a is quite good. Successive images on different dis-
charges are approximately equal in structure and intensity al-
though minor changes in the arc shape are often observed. The
reproducibility of the emission shown in Figs. 4b and 4¢ is
poor, with the number, location, and intensity of the streaks
changing dramatically from shot to shot. However, the streaks
associated with the particulate emission are apparent on every
discharge.

To support the hypothesis of particulates in the PPT exhaust
suggested by the broadband emission, the witness plates were
exposed to 1000 discharges of the PPT exhaust and analyzed.

Fig. 4 DBroadband emission from the PPT exhaust: a) 1-pes shuf
ter during the PPT discharge, b) 10-p1s shutter initinted 100
after the discharge, and ¢) 100-ps shutter initinted 100 us aft
the discharge.

The 1000 discharge exposure length was chosen to smooth ot
the shot-to-shot variations observed in the broadband emissi*
to achieve a shot-averaged particle collection. Examination ¢

-the slides using SEM showed a significant population of pa;

ticulate matter superimposed on a background film, EDAY
Spectra was taken of the particulates in an effort to determiz
whether they originated from the Teflon propéllant and shou¥
be considered as a propeliant loss, as opposed to originatit
from the steel electrodes. The major finding of the EDAX and-
ysis is that there are two populations of particulates. One pop
ulation is characterized by a spherical shape, diameters typ:
cally 0.3 pum and always less than | pum, and strong Fe, G
and Ni transitions, The second population has more randoz
shape and size, diameters ranging from 200 pm down to et
than 1 um, and a strong F transition. Both populations haw;
strong C transitions as would be expected from either steel @
Tefion. The first population is concluded to be steel from t,
PPT electrodes and the second population is concluded to haw
originated from the Teflon propellant. The particles from i
second population also appear bright in the SEM imags
which occurs when the electron beam electrically charges th:
deposit. This indicates that the particles are insulators. unabk
to conduct excessive charge to the subsirate, supporting
conclusion that the second population of particles originate’
from the Teflon propellant.

The particle size distribution was counted under a micre
scope for each of the 11 witness plates. Only particles wil
dianeters greater than 25 um were counted to avoid includis
the steel particles and because theé number of smaller partick:
was simply too large to be counted manually. The size distt
bution for the witness plate direcily in front of the PPT (8=
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bd2g) is shown in Fig. 5a. Figure 5a shows that the number
A particles increases with decreasing size, suggesting that the
majority of the particles were probably not counted. Figure 5b
diows a histogram of the particle mass estimated from Fig. 5a
a assuming that the particles have a radius equal to the av-
mge of that range, a volume equal 10 a half sphere V=
'r'f3), and the density of Teflon (2152 kg/m®). Figure Sh
shows that the amount of mass in the smaller particle range
{35-50 1m) is less than that in the larger panticle range (50-75
gm). This suggests that even though the majority of the par-
icles may be of sizes less than 25 pm and weren’t counted,
he majority of the paniculate mass may have been counted.
The total particle mass on this witness plate, for sizes greater
han 25 pm, calculated by adding the masses in the four groups
of Fig. 3b, is 144 % 18 pg.

Because the number of particles counted in a glven range is

wypically Jow (<500), the measurement uncertainty is presumed
10 be dominated by statistical variations in the particle count.
The statistical variation in the particle count is estimated as
the square root of the number counted, i.e., AN = N'2 The
sncertainties in calculated quantities such as total particulate
nass are determined solely from the uncertainty in the particle
sount. Clearly, the greatest source of uncertainty in estimates
of the particulate mass lies in the assumption that the volume
of the individual panicles is that of a half sphere. For the case
of spherical particles, this approximation underestimates the
particle mass by a factor of 2. For the case of particles that
;pecome somewhat flattened out this approximation may un-
;deresumalc the particle mass by as much as a factor of 2.
Dctcrmmmg the measurement uncertainty associated with this
'spproximation would require a three-dimensional imaging of
“zach particle, which was not arempted in the present work.
“Thus the measurement uncertainly represents an assessment of
the random uncertainty in the measurements, but ignores a
potential sysiematic uncertainty associated with the half-sphere
approximation.

The spatial distribution of the pmnculme deposits is shown
in Fig. 6 for borh the perpendicular (Fig. 6a) and parallel (Fig.
b sample arrays. The distributions are calculated by counting
the particles on each witness plate and estinuiting the 10tal

700
600 1

Number of Particles

0-25 25.60 50-100 100-150 150-200

a) Particle Diameter (um)

Estimated Total Masé (ng)

0-25 2550 50-75 100-150 150-200

b) ‘Particle Diameter (um)

Fig. § Histograms of the particulate distribution on the witness
plate located at ¢ = 0: a) Size distribution for three different cha-
scteristic diameter ranges, and b) associated mass distribution.
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Fig. 6 Spatial distribution of particulate mass on the witness
plates: a) ‘The perpendicnlar distribution is shown with a cos’0 fit,
and b) the parallel distribution is shown with an exponential it

particulate mass, as was done earlier for the witness plate at 0
=0 deg. The parallel case is shown with an exponential fit and
the perpendicular case is shown with a cos™d fit.

IV. Discussion

The total particulate mass emitted by the PPT is estimated
by integrating the spatial distributions of Fig. 6 over the solid
angle in front of the thruster. The integration is complicated
by the asymmetric nature ol the distributions, as evidenced by
the differing fits for the data from the parallel and perpendic-
wlar arrays. For the integration over the solid angle, the parallel
and perpendicular fits are each used for 90 deg and zero mass
deposition is ased in the backplane of the thruster. The inte-
gration yields a total emitted panticulate mass of 9.8 + 0.7 mg.
During the 1000 discharge exposure of the witness plates, this
mass averages 10 a rate of 9.8 = 0.7 pg/discharge, which is
40 £ 3% of the 24.9-pp/discharge propellant consumption rate
measured over the 6000 discharges of the entire experiment.

A previous characterization of transient effects in the PPT
propetlant consumpﬁon rate showed that the propellant con-
sumpuon rale mcre.\ees over time as the propellant temperature
rises to a steady state.” Comparing the particulate mass emir-
ted between discharges 5000 and 6000 to the propellant mass
consumed between discharges 0 and 6000 will cause a system-
atic overestimation of the propellant fraction consumed in the
form of particulates. This results from the propellant con-
sumption rate beiween discharges 5000 and G000 being sys-
tematically higher (han the rate averaged from discharge 0 o
6000. At worst case, based on the data of Ref. 12, the propel-
lant consumption rate during the discharges where particulates
are collected is 5% higher than the measured rate, which av--
eraged over all 6000 discharges. This effect conld lower the
prapellant mass fraction consumed by particulates to 37%. Be-
cause this is within the uncertainty of the 40 * 3% mass [rac-
tion, and an instantaneous propeifant consumption measure-
ment to fully quantify this effect is presently not possible in
PPT experiments, the higher value will be used.

The particulate emission is expected to contribute minimally
1o the total PPT thrast. If the emission was uniformly directed
alonyg the thrust vector, the 9.8 pg/discharge of particulates at
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200 m/s would produce 2 pN, less than 1% of the total thrust.
Based on Fig. 4c, the particulate emission is closer to omni-
directional, indicating that the 2-uN contribution is a liberal
estimate. If the propellant consumption rate can be decreased
by eliminating the particulate emission, without affecting the
thrust, then the PPT thrust efficiency increases. For a 40%
propellant mass reduction

An _ T2f(0.6 mP _ 17
n  Tnfmp

which for a LES 8/9 PPT" implies that the thrust efficiency

would increase from 7.9 to 13%. This estimate shows the mag-.

nitude of the propellant savings and associated improvement
in efficiency achievable in the ideal case where modifications
1o the thruster enable the particulate mass to be recovered with-
out reducing the thrust. In practice, the energy associated with
creating and accelerating the particles has to be deposited
somewhere. This free energy may cause other changes to the
PPT discharge that result in small or negligible changes in
efficiency.

Understanding the mechanism behind the creation of the
particulates is critical to eventually minimizing this propeliant
loss. A possible mechanism is that particle formation results
from a high-pressure vapor created below the Teflon surface.
Radiative energy from the discharge arc deposits beneath the
propellant face, either heating trapped gases or contributing to
the vaporization of small amounts of solid propellant. The em-
bedded heated vapor would create high gas pressures that ex-
plosively eject the particulates. Similar effects have been ob-
served in related work on ablation-controlled arcs.” In this
scenario, propellant modifications that decrease the radiative
energy transport may reduce the particulate emission. Also,
changing 10 a cast polymer may reduce the particulate emis-
ston by reducing the volume of gasses trapped in the propel-
Jant,

Emission streaks in Fig. 4c imply that a majority of the
particles originate from the electrodes. Two possible interpre-
tations of this observation are offered. First, the streaks in Fig.
4c are due to the emission of steel particles from the elecirodes
and are essentially unrelated to the propellant losses. This
would seem 10 be the most likely case because steel particles
were detected in the EDAX analysis, and because the higher
temperature of molten steel (T, = 1427°C) as compared to
Teflon (T, = 327°C) increases the emission intensity within
the detectable sensitivity range of the camera (approximately
300-600 nm). In this scenario, the particulate streaks may be
reduced by changing the electrode material, but this would not
be expected 10 have a significant effect on the particulate pro-
pellant Josses. :

Second, the streaks may be a result of vapor from previous
discharges condensing on the electrode surface. Localized
heating from the plasma arc then raises the electrode temper-
ature above the vaporization temperature of the coating. Some
coating material is vaporized near the electrode surface cre-
ating a high gas pressure layer between the electrode and the
solid coating. The remaining solid is then gasdynamically ac-
celerated from the electrode in-the form of particulates, This
scenario wounld seem impractical for a uniform Teflon coating,
because the electrical insulation properties of Teflon conld pre-
vent the arc conduction. To be feasible, either the coating
would have to be conductive or nonuniform. The coating could
be conductive if it were comprised of Teflon derivatives such
as carbon. A nonuniform coating would enable the arc to con-
duct near a coated region, heating the steel electroce above
the coating vaporization temperature. The heat could then ther-
mally conduct beneath the nearby coating causing the subse-
quent vaporization and ejection. In this scenario, the particulate
emission is a direct result of late-time vaporization, and mod-
ifications that minimize the vaporization may also reduce the
particulate emission. One method of accomplishing this reduc-

tion has been suggested in experiments that show that reducing
the PPT propellant temperature may reduce the late-time va-
porization."”

The emission images imply that particulate ejection from the
electrodes occurs well after the discharge with no detectable
particutates during the PPT discharge. This may actually result
from the relatively strong emission from the plasma arc over
whelming the weaker emission from the particulates. The
broadband emission image 100 ps after the discharge whes
particulates are apparent (Fig. 4b) was obtained with 144
times the image intensification as the image during the dis-
charge (Fig. 4a). It is also important to note that the streaks
apparent in Fig. 4c may not be associated with the particulate
deposits on the witness plates. The propellant particles may be
emitted at low temperature with a low light emission level in
the spectral range of the camera and, therefore, never be ob-
servable.

V. Summary and Conclusions
Surface analysis on exhaust deposits from the PPT reveal a
sipnificant quantity of propellant material in particulate form.
Estimates of the total mass exhausted in this form show that

" particulates may account for 40 = 3% of the total propellant

usage, indicaling that this is a significant, and possibly the
dominant, source of propellant inefficiency in these devices.

One source of the particulates is believed to be energy dep-
osition below the Teflon surface. This energy vaporizes ma-
terial or heats trapped vapors, creating a high gas pressure
behind the propellant face that ejects particulate material. A
second potential source of ejected particles results from va-
porized Teflon propellant condensing on the electrode surfaces.
During subsequent PPT discharges, vaporization beneath the
coating ejects the Teflon material as particulates. PPT modifi-
cations that reduce the energy transmission into the propeliant
or decrease the late-time vaporization are expected to decrease
the propellant Josses associated with particulate emission.

Research directed toward minimizing the particle ejection
can have a significant impact on PPT thrust efficiency. Recoy-
ering the propellant consumed in the form of particulate emis-
sion with no decrease in thrust would increase the PPT thrust
efficiency by a factor of 1.7. In the case of a LES 8/9 PPT"
this would increase the efficiency from 7.9 to 13%.
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